ABSTRACT: Liquid water is pushed through flow channels of fuel cells, where one surface is a porous carbon electrode made up of carbon fibers. Water drops grow on the fibrous carbon surface in the gas flow channel. The drops adhere to the superficial fiber surfaces but exhibit little penetration into the voids between the fibers. The fibrous surfaces are hydrophobic, but there is a substantial threshold force necessary to initiate water drop motion. Once the water drops begin to move, however, the adhesive force decreases and drops move with minimal friction, similar to motion on superhydrophobic materials. We report here studies of water wetting and water drop motion on typical porous carbon materials (carbon paper and carbon cloth) employed in fuel cells. The static coefficient of friction on these textured surfaces is comparable to that for smooth Teflon. But the dynamic coefficient of friction is several orders of magnitude smaller on the textured surfaces than on smooth Teflon. Carbon cloth displays a much smaller static contact angle hysteresis than carbon paper due to its two-scale roughness. The dynamic contact angle hysteresis for carbon paper is greatly reduced compared to the static contact angle hysteresis. Enhanced dynamic hydrophobicity is suggested to result from the extent to which a dynamic contact line can track topological heterogeneities of the liquid/solid interface. KEYWORDS: contact angle, hydrophobic, carbon, wetting, carbon fibers, contact angle hysteresis, Teflon
■ INTRODUCTION
Water transport is an essential element of polymer electrolyte membrane (PEM) fuel cell operation. 1−5 Liquid water that is formed at a catalyst/membrane interface is pushed through porous electrodes into gas flow channels. The water drops emerge from the largest pores in the electrode, and grow in the channel. Initially, the drops are held in place by adhesion to the water column in the electrode pore, but as the drops grow surface contact with the porous electrode and surface contact with the walls of the flow channel are the dominate adhesive forces. The drop must be detached and pushed through the gas flow channel in contact with the electrode surface to be removed from the fuel cell. Efficient fuel cell operation requires removal of liquid water drops from the fuel cell with minimal work. The surface properties of the porous electrode play a key role in the energy required to remove water drops from the gas flow channels of the fuel cell. We have been devising experiments to isolate the flow resistances for water transport through the porous electrode and gas flow channel. 6−8 The porous electrode is required to carry the electron current from the electrocatalyst to the external circuit. 9 It must also permit transport of gas reactants and liquid product between the gas flow channels and the catalyst/PEM interface. 4, 10, 11 The porous electrode, or gas diffusion layer (GDL), of the fuel cell is typically made from carbon fibers, either as a random sheet of fibers in the form of carbon paper or as a woven array of fiber bundles forming carbon cloth. 12, 13 These sheets of carbon fibers may be treated with adsorbed polymer layers to improve their function in fuel cells. 14, 15 A thin layer of Nafion may be applied to the GDL where it contacts the catalyst layer to increase the three phase interface. 15 Teflon may be adsorbed onto the carbon fibers throughout the GDL to increase hydrophobicity and limit water accumulation within the porous carbon electrode. The structure and surface treatments of the carbon sheets affects the transport of water through the porous electrode, and has been the topic of many studies. 16−23 In addition, the structure and surface treatment of the GDL may affect the adhesion and motion of liquid water drops in the gas flow channel. Figure 1 shows micrographs of typical carbon paper and carbon cloth used for fuel cell electrodes. The carbon fibers making up these materials are ∼7−10 μm in diameter. They are randomly arranged in the carbon paper (Figure 1b) . Porosimetry measurements show a typical pore diameter of 10−20 μm. 12, 24 Carbon cloth has fiber bundles ∼400 μm in diameter. Porosimetry shows a bimodal pore size distribution with 10 μm pores between individual fibers and 100 μm pores at the intersection of fiber bundles. 12 Both carbon paper and carbon cloth are made hydrophobic with Teflon treatments. The carbon fiber sheets are impregnated with emulsions of Teflon, evaporating solvent and then annealing. The Teflon appears as webbing between the carbon fibers.
Theodorakakos et al. examined drop movement in fuel cell flow channels combined with contact angle hysteresis measurements. 25 Using the sessile drop method for contact angle determination they noticed a much larger contact angle hysteresis for carbon paper than carbon cloth and identified this as one of the key parameters limiting drop movement. (Static) contact angle hysteresis defines the degree to which a droplet must deform prior to movement; larger contact angle hysteresis suggests that greater force is required to initiate drop motion on carbon paper than carbon cloth. Both Chen et al. 26 and Kumbur et al. 27 examined the onset of drop motion from gas flow past the drop. They also related the onset of motion to the difference in advancing and receding contact angles.
The hysteresis between the advancing and receding contact angle of a material are determined by both the chemical properties of the material and the geometry of the rough surface. 28−31 Depending on the geometry, the hydrophobicity of a surface may be accentuated leading to superhydrophobicity. 32−36 Superhydrophobic surfaces display two qualities: 1) large contact angles with water, typically >150°; and 2) low contact angle hysteresis between the advancing and receding contact angles. 33 These qualities are indicative of low solid−liquid contact area compared to the drop area. Micron scale roughness of hydrophobic electrode materials can increase the contact angle with water, thus facilitating water removal from fuel cells.
In this paper, we report measurements of the static and dynamic interaction of water drops with Teflon, Nafion, graphite, and porous carbon sheets with different Teflon treatments. Advancing and receding contact angles were measured by a Wilhelmy plate method. Drop detachment due to gravity was measured as a function of drop size for the different surfaces employing a tilted plate. Lastly, drop motion on a tilted plate was measured as a function of tilt angle and drop size for water on the different surfaces. We show that the dynamic friction of water drops on the textured GDL surfaces is 2 orders of magnitude less than the static friction. We introduce the concept of dynamic hydrophobicity, arising when the moving contact line cannot respond fast enough to track changes in surface morphology; we will show that this reduces the dynamic contact angle hysteresis.
■ EXPERIMENTAL SECTION
Materials. The gas diffusion materials tested were purchased from Fuel Cell Earth LLC. Toray carbon paper materials (TGP-H-120) were obtained with treatments of 5, 20, and 40 wt % Teflon and a thickness of 370 μm. Woven carbon cloth was supplied by Fuel Cell Earth with 0, 20, and 40 wt % Teflon and a thickness of 380 μm. Teflon sheets (PTFE) and graphite composite were obtained from McMaster-Carr Supply. The PTFE sheets and graphite plates are the typical materials employed in machining bipolar plates and flow channels for fuel cells. Nafion 1110 membrane was obtained from Ion Power (New Castle DE).
Wilhelmy Plate Test. The advancing and receding contact angles were determined by the Wilhelmy Plate method with the samples of Teflon, graphite, Nafion or GDL initially suspended over deionized water from a bottom hanging analytical balance (Ohaus Model AR0640). The GDL was lowered into the water in increments of 127 μm every 10 s; this was sufficiently slow that the data represent static advancing and receding contact angles. The weight was recorded just prior to the moving the sample to the next position so that any dynamics of movement were eliminated. The sample was submerged to a depth of 7.5 mm and then the sample was raised at the same rate.
Drop Detachment. Drop detachment measurements were performed by depositing 20−80 μL drops on horizontal sheets 1 cm wide and 10 cm long. The sheets were supported on the plate attached to a rotary mount (Newport Corp.). The sample was tilted in increments of 1 degree and the minimum angle required for a droplet to begin moving and roll off the GDL was recorded. Photo images of the drop were obtained from the side and from the top. The aspect ratio of the drop width to length was measured immediately prior to detachment. The apparent contact angles were approximated for the sessile drops from the side images. The detachment angle measurement was repeated at least three times and averaged.
Drop Velocity. Drop velocity was determined by depositing a droplet on an inclined plane and video recording its movement using a Phantom-7 high speed camera over a distance of ∼7 cm. The drop position was recorded as a function of time. Frame acquisition speed was adjusted according to the drop velocity. Frame rates of 30 frames per second were used for Teflon and graphite; drop motion on GDL materials was captured at 1000 frames per second. The apparent contact angles during drop movement were determined from the video images.
Drops were placed onto the inclined plane with a calibrated pipet. The drops were held in place by the pipet tip during deposition. Drop motion began when the pipet tip was removed from the drop. 
■ RESULTS

Wilhelmy
where γ w is surface tension of water (72 mN m −1 ) and L is the geometric length of the contact line (L ≈ 6.25 cm, which is the perimeter of the sample). The buoyant force was determined from the linear region of the weight vs distance curve. The advancing and receding contact angles are shown in Figures 2 and 3 . Figure 4 shows a schematic of the sequence of the advancing and receding motion of the sample during the Wilhelmy plate measurement. Figure 2 shows results for Teflon, graphite and Nafion, while Figure 3 is for GDL materials. The advancing and receding contact angles are clearly depicted by the horizontal regions (3 and 6 respectively in Figure 3 ). The regions when the contact angle is not constant occur when the sample is initially being submerged (region 2) and again when the sample is being withdrawn as the contact angle transitions from the advancing to receding angle as shown schematically as region 5 in Figure 4 .
Teflon's advancing contact angle was ∼101°and receding contact angle was ∼73°. The advancing contact angles of Teflon in the literature range from 100 to 115°. The variations have been attributed to cleanliness and microscopic roughness. Graphite composite plates had an advancing contact angle of ∼68°and a receding contact angle of ∼35°. The contact angles for graphite are similar to those reported for individual carbon fibers. 37 Nafion is hydrophobic in the advancing direction with an advancing contact of angle of ∼95°and is noticeably hydrophilic in the receding direction with a contact angle of ∼50°. These values are similar to those previously reported by Goswami et al. 38 The contact angles of water with GDL materials with and without Teflon treatments are significantly greater than those of Teflon and graphite. The larger contact angles for GDL materials are the result of only a fraction of the textured surfaces being wetted. 29,30,39−42 Carbon cloth has a larger advancing contact angle than carbon paper. The receding contact angle for carbon cloth is much greater than the receding contact angle for carbon paper. The contact angle hysteresis, which is the difference between the advancing and receding contact angles, is much larger for carbon paper than carbon cloth. The smaller contact angle hysteresis for carbon cloth we will attribute to the two-scale texture of the individual fibers and the fiber bundles, which will be discussed below. The contact angle hystereses for 5% Teflon loaded carbon paper and 0% Teflon loaded carbon cloth are greater than those for 20% and 40% Teflon loaded carbon paper and carbon cloth respectively. The advancing contact angles of ∼140−160°are similar for all materials, but there are much larger differences between the receding contact angles. There is negligible structural difference between the carbon paper with different Teflon loading, suggesting that the difference is at the individual fiber contact angle level. On the individual fiber level, these materials are heterogeneous, consisting of Teflon regions and exposed carbon fiber. As the Teflon loading is increased from 5 to 20% the proportion of Teflon covering the surface increases. The composite contact angle will increase until the Teflon forms a homogeneous coating over the fiber. The data suggest that 20% and 40% Teflon loaded carbon paper had the carbon fibers fully covered with Teflon. At the 5% Teflon loading there were areas of the carbon surface that were not covered with Teflon and were less hydrophobic. This was even more evident in the receding contact angle for the 5% Teflon carbon paper which appeared to be hydrophilic.
Drop Detachment. The minimum tilt angle (α) is the smallest angle at which a drop will move spontaneously on a surface. By measuring the minimum tilt angle we can determine the force required to distort the drop shape and initiate movement. Figures 5−8 show the minimum tilt angles for drop motion as a function of drop size on Teflon, Nafion and GDL surfaces. Drops smaller than a critical size will not detach from the surface. 33 (Even on a hydrophobic surface, the adhesive force for small drops is greater than gravity). As the surface is tilted the drop becomes elongated; this is seen in the top-view photos of drops presented in Figure 9 . The photos of 70 μL drops were used to estimate the drop ellipticity on Teflon, carbon paper, and carbon cloth surfaces.
The minimum tilt angles decreased with increasing drop volume as the gravitation force increased. The largest tilt angles were observed for the 5% Teflon-loaded carbon paper, which had the largest difference between the advancing and receding contact angles. Carbon paper with 20% and 40% Teflon loadings had the next largest tilt angles, slightly greater than the minimum tilt angle for Teflon. The 20% and 40% Teflonloaded carbon cloth had the smallest minimum tilt angle, smaller than that for smooth Teflon.
The minimum tilt angle (α) for drop motion is where the force of gravity exceeds the differential force between the advancing and receding contact lines of the water drop with the solid surface, as given by eq 2, where ρ and V are the drop density and volume, w is the diameter of the drop where it contacts the horizontal surface, γ w is surface tension of water, and θ A and θ R are advancing and receding contact angles
The contact width of the drop in the direction of motion, w, is given by eq 3, where R is the radius of the spherical cap. The critical detachment angle was estimated from eq 2 based on the advancing and receding contact angles determined from the Wilhelmy plate measurements. The contact width (w) for a spherical liquid cap contacting a solid surface with contact angle θ was evaluated using the approximation from Whyman, Bormashenko and Stein 43 given in eq 3. Extrand and Kumagai demonstrated that larger contact angle hysteresis was correlated with droplet ellipticity. 44 The effective contact width, w′, in the direction of motion was also corrected for ellipticity, a e =(drop length)/(drop width), assuming the same liquid−solid contact area as determined for the spherical cap, w′ = w/(a e ) 1/2 . Values for the ellipticity of drops on different surfaces are shown in Figure 9 . Equation 3 assumes that the drop grows on a horizontal surface in saturated vapor. As pointed out by Gao and McCarthy, 45 during evaporation or liquid withdrawal the drop radius (R) can be less than that predicted by eq 3; the lower limit for drop radius is defined by replacing θ A with θ R in eq 3.
The minimum tilt angles predicted from the force balances are plotted in Figures 5−8 along with the experimental measurements. There is good agreement between the experimental values and the predicted minimum tilt angles for all the materials except Nafion. Water drop adhesion to Nafion is much stronger than predicted from the contact angle hysteresis.
The critical angle for drop detachment is significantly greater for Teflon-treated carbon paper than the critical angles for smooth Teflon, suggesting that water drops adhere more strongly to Teflon-treated carbon paper GDL. But we observed that the drop velocity after detachment was orders of magnitude slower on smooth Teflon than on carbon paper. Furthermore, the drop velocities appeared to be similar on carbon paper and carbon cloth, even though they had much different detachment angles. This prompted a more detailed look at the drop motion after detachment.
Drop Motion on Inclined Surfaces. The distance drops travel as a function of time was determined for 30, 40, and 50 μL drops on smooth Teflon at tilt angles of 25−45°and on Teflon treated GDL materials at tilt angles of 20−30°. Drops were held in place by contact with the tip of the pipet used to deposit them. After the pipet tip was removed the drops began to move. The drop position as a function of time after removal of the pipet tip was determined from high speed video images. Typical data for Teflon, 40% Teflon treated carbon paper and 40% Teflon treated carbon cloth are shown in Figure 10 .
Drops of this size kept accelerating on the GDL materials achieving velocities ∼100 cm/s over 7 cm distance of travel. The acceleration was determined by fitting the displacement to x = (1/2)at 2 . The accelerations as functions of drop size and tilt angle are summarized in Table 1 .
In contrast to water drops moving on the textured GDL surfaces, water drops on smooth Teflon accelerate for a short period of time (<0.01 s) and then move at a constant velocity of 0.2−0.4 cm/s for tilt angles of 20−40°. Terminal velocities were estimated from the displacement time data (v drop = Δx/Δt). Thirty microliter water drops on carbon paper and carbon cloth also reached terminal velocities at 15°and 20°tilt angles. The data suggested that for larger tilt angles and larger drops the acceleration decreased as the drop velocity increased, but we were unable to track drop motion over a large enough distance to measure the terminal velocity. Table 2 summarizes the terminal velocity data for smooth Teflon and the small drops at low tilt angles on carbon paper and carbon cloth. When drops achieve a terminal velocity, the force of gravity is balanced by the sum of the differential force of the advancing and receding contact lines, as given by eq 2, plus a drag force on the water drop by the surface on which it slides. An "effective" drag coefficient, η, was estimated from the terminal velocity and contact area of the drop with the surface as given by eq 4. 
The effective drag coefficients were estimated based on the static contact angles determined from the Wilhelmy Plate measurements. The values calculated from eq 4 for water drops on smooth Teflon, and Teflon-coated carbon paper and carbon cloth are listed in Table 2 . The effective drag coefficients predicted using static contact angles were 1 × 10 4 times larger for smooth Teflon than those predicted for the Teflon-coated carbon fiber materials. The displacement of the drop as a function of time was examined for several drops. After a water drop moved down a smooth Teflon surface a thin liquid film could be seen on left behind the trailing edge of the drop. Water drops on the GDL materials left no discernible liquid water on the surface after the drops moved past. There was no discernible difference in the drop motion between the first drop placed on the surfaces and a second or third drop placed on the surface. The drops on the fibrous GDL material surfaces showed no evidence of penetrating into the pores of the substrate and appeared to maintain constant volume with no loss of water as the drops moved.
Dynamic Contact Angles. Dynamic advancing and receding contact angles were estimated from the photos of the drops moving down the inclined plane. Shapes for static drops, just below the detachment tilt angle, and dynamic drops, just above the detachment tilt angle, are shown in Figure 11 . Table 3 compares static and dynamic contact angles for 70 μL drops on the different surfaces. The dynamic contact angles were averaged values, since the drop shapes fluctuated as the drops moved on the GDL surfaces. Figure 12 shows a photo sequence of a 70 μL drop moving on carbon paper at a 23°tilt angle; a 6 mm line drawn across the waist of the drop shows that the drop length fluctuated by 10−15%. We focus our attention on the contact angle hysteresis, defined as the difference between the advancing and receding contact angles. Results in Table 3 show that: (i) on smooth Teflon the dynamic contact angle hysteresis is larger than the static contact angle hysteresis (Δθ dynamic > Δθ static ) Teflon ; (ii) on carbon cloth the dynamic and static contact angle hystereses are about the same (Δθ dynamic ≈ Δθ static ) carbon cloth ; and (iii) on carbon paper the dynamic contact angle hysteresis is reduced compared to the static contact angle hysteresis, (Δθ dynamic < Δθ static ) carbon paper .
The observed drop accelerations were compared to those predicted from the force balance, given by eq 5 (which ignores drag on the drop). Force balances were compared both using the static contact angles (from Wilhelmy plate values) and the dynamic contact angles from the video images. Results are summarized in Table 4 . Measured drop accelerations on carbon paper were much larger than those predicted by eq 5 based on the static contact angles; experimental drop accelerations were slightly less than the predicted values based on the dynamic contact angles. Drop accelerations on carbon cloth were slightly less than those predicted using either static or dynamic contact angles. Drop acceleration on smooth Teflon estimated from the static contact angles predicted drop velocities ∼10 cm s −1 , more than an order of magnitude greater than those observed.
The experimental drop accelerations on carbon paper and carbon cloth GDL surfaces with 20% Teflon loading were similar. Gravity quantitatively accounted for drop acceleration on the textured GDL surfaces; it appears that viscous drag of the moving drop is negligible. In contrast, water drop motion on smooth Teflon is much slower than that predicted by the force balance of gravity and surface tension, suggesting additional viscous drag is slowing down drop motion. This reinforces the results shown in Table 2 where the "effective" drag was 1 × 10 4 times greater for smooth Teflon than for carbon paper or carbon cloth.
The minimum tilt angle results suggest that water drops adhere more strongly to carbon paper GDL materials than to smooth Teflon. But the velocity at which the drops move after detachment suggests adhesion is somehow dramatically reduced for drops moving on the textured surfaces. This observation, coupled with the drop shapes from video images, indicated that the static and dynamic interfacial forces as represented by the contact angles are affected differently by surface topology.
The apparent dynamic contact angle hysteresis for carbon paper is significantly reduced compared to the static contact angle hysteresis, whereas the apparent dynamic contact angle hysteresis increased for smooth Teflon (refer to Table 3 ). Dynamic and static contact angle hysteresis was similar for woven carbon cloth with Teflon treatments. The textured carbon paper surfaces have a non-negligible static contact angle hysteresis that requires a substantial force to initiate motion, but once drops start to move the textured surfaces effectively act as thought they were very hydrophobic (almost superhydrophobic). We will refer to these Teflon-treated fibrous GDL materials as being dynamic-hydrophobic surfaces. (This is in contrast to "true" superhydrophobic surfaces that display near zero static as well as dynamic contact angle hysteresis.)
■ DISCUSSION
Water motion on the surfaces of fibrous carbon electrodes is critical to the operation of PEM fuel cells. It was intuitively obvious to chemists developing GDL materials that adding a thin layer of Teflon to the carbon fibers would make them more hydrophobic and facilitate the transport of water drops. 12, 14, 15, 17, 20, 37, 46, 47 There are limits to the amount of Teflon that can be applied while maintaining good electrical conductivity of the material and allowing controlled permeability for gas and liquid water. It is rather amazing that the heuristic material design arrived at for GDL, which provided good lateral electronic conductivity while permitting transverse gas and liquid flows, also selected materials that permit drops to move on their surfaces with almost no resistance, i.e., the GDL materials display what we call dynamic-hydrophobicity. Dynamic-hydrophobicity combines chemical treatments and morphological structuring to control the strength and the extent of the liquid/solid interfacial contact for moving drops.
Over the past decade, preparation of superhydrophobic materials has garnered a great deal of attention. Water drops on such superhydrophobic surfaces require almost no force to initiate motion, and drops move with almost zero drag. These surfaces have contact angles of >150°and near zero static contact angle hysteresis. Specially structured surfaces with pillars of hydrophobic PDMS have been fabricated to have near zero static contact angle hysteresis. 32−35,48−56 Superhydrophobicity has been achieved by minimizing the contact points of the liquid drop with the solid surface, and ensuring that, at the points of contact, the surface is made hydrophobic (cos θ ≤ 0).
Optimal micropatterned surfaces that are porous for transverse gas flow and continuous for lateral electronic conductivity would be complex to fabricate, which would make them expensive. But we can find structures in cheaper materials that mimic some of the characteristics of ideal superhydrophobic materials that can improve water transport on fuel cell electrodes. Specifically the forces required to both initiate and sustain drop motion should be minimized to reduce the parasitic power loss associated with water removal from PEM fuel cells.
Role of Surface Morphology on the Static Contact Angles. The contact angle measurements presented in Figures  2 and 3 show that: (1) Teflon is more hydrophobic than graphite; and (2) textured GDL surfaces are more hydrophobic than smooth Teflon surfaces. Teflon treated carbon paper and Teflon-treated carbon cloth both have advancing contact angles of ∼150°. But the receding contact angle is much less for carbon cloth than carbon paper and the detachment angle is much greater for carbon paper than carbon cloth.
The effect of surface morphology on interfacial forces was first analyzed by Wenzel, 30 who attributed differences in adhesion to the effective liquid−solid contact area. This concept was refined by Cassie and Baxter; 29 many others have employed Cassie analysis to estimate the effective interfacial force between a liquid and a textured surface. Cassie and Baxter proposed that the contact angle for a textured surface (θ*), given by eq 6, is the weighted average for liquid/ solid interfacial energy (contact angle θ ls ) and the liquid/gas interfacial energy (contact angle 180°), where ϕ s is the fraction of the solid surface contacting the liquid. Although the Cassie−Baxter approximation given by eq 6 has been extensively employed to model drops on textured surfaces it has also been extensively criticized; the criticism is that Cassie−Baxter uses area fractions for forces that exist along the perimeter of the contact line. This subtleties of this controversy is well treated by other authors. 45,57−59 We will employ the Cassie−Baxter approximation because of its simplicity and its intuitive approach to handle surface heterogeneities; but we must qualify our analysis because the limitations for applying the Cassie−Baxter approximation are not yet fully known.
The length scale of the texturing of GDL surfaces is critical to their hydrophobicity. To avoid water penetration into the space between the fibers of the GDL materials the distance between undulations in the surface (ζ) must be sufficiently small that water will only wet the outermost surfaces. Provided the contact angle is sufficient large water will not fill the voids between fibers, as shown in Figure 13 . The depth d of the undulations must be greater than the liquid penetration depth resulting from the hydrostatic pressure head of the liquid drop pushing water into the void (ΔP drop = ρ w gR drop ). The curvature of the water penetration into the undulation is given by the Young−Laplace equation. The critical radius of curvature, R critical , at which the water will penetrate and touch the bottom of the undulation, is given by eq 7.
The aspect ratio for surface texturing, β, which avoids liquid penetration, is given by eq 8.
The walls of the pores must be hydrophobic (cos θ < 0) for water drops to not penetrate into the GDL. The Teflon treatment makes the carbon fiber surfaces hydrophobic. The size of the drop also affects penetration. Larger drops result in larger hydrostatic pressures to force liquid into the pores. Assuming a contact angle of 101°for the Teflon coated fibers, water drops R drop < 1 cm in diameter and the depth of the undulations equal to the fiber diameter (d = 10 μm) water will not penetrate undulations spaced less than 170 μm apart (ϕ s > 0.08). For carbon paper water penetration should be negligible because the distance between carbon fibers must be much less than 100 μm in order to have reasonable electrical conductivity. The typical flow channels in a fuel cell is 1 mm square, which limits the hydrostatic pressure to be even smaller than our conservative estimate given above. Once drops detach from the emergent pore in the GDL and begin to move it is expected there will be insignificant penetration of water drops or slugs into the pores of the GDL. A consequence of the absence of penetration of water into the pores is that the moving drops will maintain constant volume as they move along the surface of the GDL.
The 20 and 40% Teflon-loaded carbon paper surfaces may be modeled as solid surfaces of Teflon with air voids. The spacing between fibers is ∼10−20 μm (see Figure 1) , so there should be negligible water penetration into the voids. The contact angles with individual Teflon coated fibers should be equal to those for Teflon, θ A = 101°and θ R = 73°. The effective contact angles for the carbon paper are θ A * = 144°and θ R * = 87°. The area fraction of liquid/solid contact was estimated from the Cassie−Baxter equation for both advancing and receding contact angles. The solid fraction was calculated to be ϕ s = 0.24 from the (macroscopic) advancing contact angle; this is in agreement with void fraction (1 − ϕ s )=0.75 of carbon paper previously measured by Benziger and co-workers. 6 The solid fraction was calculated to be ϕ s = 0.81 from the (macroscopic) receding contact angle. The calculated liquid/solid contact area for the receding contact angles is larger than the liquid/solid contact area estimated from the advancing contact angles. We do not have a quantitative model to account for this difference; but Gao and McCarthy 45 pointed out that liquid detachment by disjoining at the receding contact line may not be well approximated by Cassie−Baxter analysis.
Carbon cloth has two-scale texturing. The individual fibers create a texture at the 10 μm scale. The fiber bundles create larger scale voids with a length scale of ∼100 μm at the intersection of the fiber bundles, as seen Figure 1. A drop spanning the different scale texturing is schematically depicted in Figure 14 . The distance of 100 μm is sufficiently small that water should not significantly penetrate the voids. The solid fraction of the carbon cloth surface is similar to carbon paper. The effective liquid/solid contact was estimated to be 0.5 for both advancing and receding contact angles based on the Wilhelmy plate contact angles of θ A ** = 151 and θ R ** = 118°f or carbon cloth and θ A * = 144°and θ R * = 87°for the carbon paper.
The static contact angle hysteresis (the difference between advancing and receding contact angles) is 33°for carbon cloth, which has two scale texture, and 57°for carbon paper, which has single scale texture. The advantage of the two-scale texturing over the single scale texturing is that it reduces the force required to detach water drops and cause them to move. The static adhesive forces of 50 μL drops on carbon paper and carbon cloth both with 20% Teflon loading are 24.9 and 9.7 mN, respectively. The 60% decrease in the force to detach the drops from carbon paper, compared to carbon cloth, will reduce the energy consumption associated with water removal from fuel cells.
Dynamic Contact Angles. Water drops on Teflon-treated carbon paper require more force to detach and move than water drops on smooth Teflon, yet after detachment, water drops move faster on carbon paper than on smooth Teflon. The difference in static adhesion between the two surfaces is consistent with the static contact angle hystereses measured by Wilhelmy plates. But the results in Table 2 show that the dynamic contact angle hysteresis is substantially reduced for the textured carbon paper surfaces relative to the static contact angle hysteresis. Why is there such a dramatic difference in the dynamic contact angle hysteresis for the textured surfaces? We are not the first to report that textured or rough surfaces show dynamic hydrophobicity. A large number of papers have focused on superhydrophobic surfaces. [32] [33] [34] [51] [52] [53] [54] [55] [56] 60, 61 Those studies have employed microscale patterning with hydrophobic pillars and voids where liquid did not penetrate. They are different from what we report here. The superhydrophobic surfaces have vanishingly small static contact angle hysteresis and so they detach with almost no force. Sakai and co-workers have observed dynamic hydrophobicity for chemically patterned surfaces with hydrophobic patches. 62−65 They observed similar phenomena of a reduction of the adhesive forces for moving drops compared to static drops on chemically patterned surfaces. We have not seen reports in the literature of surfaces that display substantial barriers for initiating drop motion, but move almost frictionlessly after detachment.
We suggest that the transition from an adhesive static drop to a frictionless moving drop results from the inability of the moving liquid/solid contact line to track micrometer scale changes in surface morphology. The static drop achieves local shape equilibrium where the water/solid/vapor contact line can follow the microscale variations. But when the drop is moving, viscous forces and the liquid/vapor interfacial forces limit the ability of the contact line to follow morphological and compositional changes of the surface.
A simple model for a moving contact line can be developed by considering a surface with a patchwork pattern of different surface wetting properties, as illustrated in Figure 15 . Provided the length scale of the patches is >1 μm, the liquid−solid−vapor contact can be treated macroscopically. Carbon cloth may be thought of as having patches ∼400 μm square; each patch has the fibers oriented in a single direction with adjacent patches rotated by 90°. Carbon paper has a mesh of carbon fibers 10 μm across with 10 μm voids between the fibers. The local static contact angle of water with adjacent patches is different. At static conditions the local liquid−solid−vapor contact line will vary periodically in the xz direction (viewed from above) because of the locally periodically varying contact angle. The local liquid−solid surface contact line at constant z will also vary periodically in the xy direction (viewed from the side) because of the surface topology. Moving away from the solid− liquid−vapor contact line in the y-direction, the periodically varying curvature in the z-direction will eventually smooth out into the uniform drop shape with an apparent macroscopic contact angle θ*. We will assume that the macroscopic apparent contact angle is a weighted average of the microscopic contact angles along the contact line. (This is the essence of the Cassie− Baxter equation).
When drops move in the x-direction, the solid−liquid−vapor contact line also advances. Advancing the drop by the characteristic length of surface undulations, ζ, shifts the phases of the contact line undulations by 180°. Drop motion on the textured surface will produce a periodic pressure fluctuation at the solid−liquid−vapor contact line that we expect to give rise to traveling capillary waves that move away from the contact line across the surface of the drop. If the frequency of the traveling waves is too large they will be attenuated, (i.e., surface tension and viscosity will act as a high frequency filter).
On the basis of dimensional analysis, the frequency of capillary waves should scale with liquid surface tension, liquid density and drop size as shown in eq 9. 50 Microliter water drops have a resonance frequency of ∼40 Hz.
The driving frequency for the surface waves caused by drop motion is the drop velocity (v drop ) divided by the distance between undulations, w, as shown in eq 10. Drops moving at 10 cm-s −1 with distances between undulations of 400 μm (carbon cloth) or 10 μm (carbon paper) drive wave formation along the liquid/solid/vapor contact line at frequencies 5−200 times greater than the natural frequency for capillary waves to move across the drop surface. As the water drops slide down the inclined surface, the periodic variations along the contact line are damped out by water's surface tension. Because the advancing and receding contact line variations are damped, the contact angle hysteresis is also reduced. 
The amplitude of the effective contact angle difference between the liquid−solid and liquid−void patches will be attenuated when the drop motion is driving wave formation at a frequency much greater than the natural frequency for capillary waves. The attenuation is expected to be greater for small separations between undulations. The carbon paper has smaller separation, resulting in higher frequency of wave propagation, which is attenuated more. Carbon paper shows a larger difference between static and dynamic contact angle hysteresis than carbon cloth, consistent with the difference in spacing between their respective undulations. Equation 9 suggests that the natural frequency for capillary waves decreases with drop volume. This is consistent with the experimental results for drop acceleration given in Table 1 ; smaller drops accelerate less because the capillary wave attenuation is reduced for smaller drops as evidenced by the observed dynamic contact angles. Smaller drops should also accelerate less because they have larger perimeter to volume ratios (refer to eq 5). Nosonovsky has suggested that drops rolling down a rough surface may "bounce" giving rise to dynamic hydrophobicity. 66 Our data show accelerations very close to gsin α, which is indicative of sliding. For drops to roll, there would have to be friction, and the drops' acceleration would be reduced.
Queŕéand co-workers 33 reported that gravity scaling for drops on superhydrophobic surfaces is given by eq 11. They assumed, as have other investigators, that the dynamic contact angles are well-approximated by the static contact angles.
(cos cos ) sin
Queŕe's analysis indicated that on superhydrophobic surfaces drop acceleration increases with decreasing drop size (w), drop acceleration increases with contact angle ((θ A + θ R )/2) and drop acceleration increases with decreasing contact angle hysteresis (cos θ A − cos θ R ). Dynamic-hydrophobicity, reported here, follows trends opposite those for superhydrophobicity. When we compared 20% Teflon loaded carbon paper and carbon cloth, every one of those predictions based on static contact angles is violated; smaller drops accelerated more slowly, drops accelerated faster on carbon paper which had a smaller average contact angle and drops accelerated faster on carbon paper which showed a larger static contact angle hysteresis.
Results summarized in Table 3 indicate that the dynamic advancing and receding contact angles are not equally affected by drop motion. The difference between advancing and receding contact angles is also evident in the images for static and moving drops on carbon paper shown in Figure 10 . The advancing contact angles are affected less by drop motion than the receding contact angles. The dynamic advancing contact angle on smooth Teflon was only 5°less than the static contact angle, yet the receding contact angle was reduced by 31°. The advancing contact angle decreased 10−20°on carbon paper, but the receding contact angle increased by 40−50°. Gao and McCarthy 45 pointed out that physical forces in the advancing and receding directions are not symmetrical, which appears to also be the case for the changes induced by drop motion.
Anomalous Case of Drop Detachment from Nafion. Nafion is sometimes added with Teflon to coat the carbon fibers and provide for proton transport to and from the fiber surface. We included surface wetting of Nafion by water in this study for completeness. The results for drop detachment on Nafion were surprising. The critical tilt angle for drop detachment could be accurately predicted for Teflon, carbon paper, and carbon cloth surfaces based on the Wilhelmy plate measurements of the static advancing and receding contact angles. However, the water drops adhered to Nafion with much greater force than suggested by the static advancing and receding contact angles. Previous work by Goswami et al. suggested that the surface composition of Nafion is altered by the presence of liquid water. 38 Nafion is a microphase separated copolymer of hydrophilic and hydrophobic domains. Goswami et al. suggested that when the Nafion surface is exposed to a dilute gas phase (with or without water vapor) the surface is enriched in the lower energy hydrophobic components. Nafion surfaces exposed to liquid water have hydrophilic domains drawn to the surface to which water strongly adheres. The area under the drop is hydrophilic resulting in a greater adhesive force than if the surface was exposed to a vapor. The receding contact line is exposed to a hydrophilic surface (over which the drop just moved), so that the static contact angle hysteresis is greater than predicted from a uniform Nafion surface composition.
■ CONCLUSIONS
The major result from this study is that fibrous carbon electrodes coated with Teflon display dynamic-hydrophobicity; water drops adhere strongly to carbon cloth and carbon paper at static equilibrium, but move almost frictionlessly once they start to move.
This study presented detailed measurements of advancing and receding contact angles, water drop detachment and water drop motion on Teflon, graphite, Nafion, and Teflon-modified carbon paper and carbon cloth. Key results are:
(1) The static advancing and receding contact angles for Teflon-treated carbon cloth and carbon paper are greater than the contact angles of smooth graphite and smooth Teflon. (2) The detachment of water drops from Teflon, carbon paper, and carbon cloth surfaces is accurately predicted from the static contact angle hysteresis of water on those surfaces. The detachment of water drops from Nafion is not accurately predicted. The failure to predict water detachment from Nafion is suggested to result from different chemical surface compositions under the water drop and outside the drop perimeter. significantly reduced compared to static friction on textured surfaces, has been proposed to result from attenuation of capillary waves created as drops move across a solid surface with local heterogeneities. Initiating drop movement in fuel cell flow channels contributes to parasitic losses and reduced system power density. Surface texturing is shown to be beneficial to the speed of drop movement and the force necessary to initiate drop motion. The dynamic-hydrophobic effect reported here could assist in designing rough surfaces for the flow channel walls in PEM fuel cells. Sizing of the texturing features is critical. Two-scale texturing can reduce both the work to detach drops and the work to push drops along a surface.
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